Objective: In this paper, we review the previous classic research paradigms of a mass casualty incident (MCI) systematically and reflect the medical response to the Wenchuan earthquake and Hangzhou bus fire, in order to outline and develop an improved research paradigm for MCI management. Methods: We searched PubMed, EMBASE, China Wanfang, and China Biology Medicine (CBM) databases for relevant studies. The following key words and medical subject headings were used: 'mass casualty incident', 'MCI', 'research method', 'Wenchuan', 'earthquake', 'research paradigm', 'science of surge', 'surge', 'surge capacity', and 'vulnerability'. Searches were performed without year or language restriction. After searching the four literature databases using the above listed key words and medical subject headings, related articles containing research paradigms of MCI, 2008 Wenchuan earthquake, July 5 bus fire, and science of surge and vulnerability were independently included by two authors. Results: The current progresses on MCI management include new golden hour, damage control philosophy, chain of survival, and three links theory. In addition, there are three evaluation methods (medical severity index (MSI), potential injury creating event (PICE) classification, and disaster severity scale (DSS)), which can dynamically assess the MCI situations and decisions for MCI responses and can be made based on the results of such evaluations. However, the three methods only offer a retrospective evaluation of MCI and thus fail to develop a real-time assessment of MCI responses. Therefore, they cannot be used as practical guidance for decision-making during MCI. Although the theory of surge science has made great improvements, we found that a very important factor has been ignored-vulnerability, based on reflecting on the MCI response to the 2008 Wenchuan earthquake and July 5 bus fire in Hangzhou. Conclusions: This new paradigm breaks through the limitation of traditional research paradigms and will contribute to the development of a methodology for disaster research.
Introduction
World Health Organization (WHO) defines disasters as "any occurrence, which causes damage, ecological disruption, loss of human life, and deterioration of health and health services, on a scale sufficient to warrant an extraordinary response from outside the affected community or area" (Rathbun and Cranmer, 2006) . A disaster is defined by the Emergency Management and Disaster Medicine (EMDM) Academy Consensus Group as an event in which the medical need exceeds the response capabilities in the affected area, mainly due to a large number and/or severity of injured or ill victims. This imbalance can be due to a quantitative and/or a qualitative shortage of resources (personnel and materials), but also to organizational or operational shortcomings. The word 'disaster' is used as a synonym for 'emergency' and 'mass casualty incident/event' (Debacker et al., 2012) . Meanwhile, in the studies of Aylwin et al. (2006) and Adini et al. (2010) , a mass casualty incident (MCI) is any incident in which emergency medical services and resources, such as staff and equipment, are overwhelmed by the number and severity of casualties. Official figures (as of July 21, 2008, 12 :00 Central Standard Time (CST)) state that 69 227 were confirmed dead, 374 643 injured, and 17 923 listed as missing in the 2008 Wenchuan earthquake (Zhang et al., 2012) . The number of those killed or missing is reported to be more than 23 000 in the 2011 Tohoku earthquake (Nagamatsu et al., 2011) . Due to such extensive casualties and massive destruction of social properties, a need for improving MCI response capability is in urgent demand (Hamilton et al., 2009) . Recently, the science of surge (medical surge response capability (MSRC) can be influenced by surge and surge capacity) has been employed for the research of MCI response capability (Kaji et al., 2006; Dayton et al., 2008; Peleg and Kellermann, 2009 ). The dynamic quantitative comparison between surge and surge capacity used in the science of surge provides a foundation for the exploration of MCI response capability. The science of surge is especially beneficial in MCI where medical needs are clearly clarified. Yet, its limitations have been shown in dealing with MCI where the boundary of medical demands in the early stages of a calamity is unclear and the circumstance for responding is extremely serious, such as the 2008 Wenchuan earthquake. By thoroughly investigating the current researches on MCI and emergency medical responses in the 2008 Wenchuan earthquake and applying the science of surge into the investigation, this paper is aimed at outlining and developing an improved research paradigm for MCI management.
Review of previous research paradigms
MCI is an incident, which causes many casualties beyond the local medical capacity (Einav et al., 2006) . A major disaster leading to an MCI results in huge loss of properties and massive destruction of social structures in the local area. Thus in addition to the suffering of a direct disaster attack, a local medical response system is subjected to a tremendous medical surge beyond its capacities. Compared with deaths and injuries caused by conventional emergencies, an MCI has two characteristics (Rega et al., 2009) . First, the large number of casualties in an MCI causes a gigantic medical need far in excess of available resources, including rescue equipment, logistic supply, and personnel. Secondly, dangerous environmental conditions during the time of a disaster often restrain full medical responses. An MCI medical response cycle includes four phases: search and rescue, triage and initial treatment, evacuation, and definitive treatment (Goh, 2009 ). The current progresses on MCI management include the following: (1) new golden hour (Newgard et al., 2010) : the 'new' golden hour may well be the time in the operating room before a patient reaches the physiologic limit, defined as the onset of the triad (hypothermia, acidosis and coagulopathy); (2) damage control philosophy (Cirocchi et al., 2010) : damage control is most commonly understood to apply to surgical procedures, where a limited resource (the patient's physiological reserve) is conserved by abbreviating an operation to the minimum procedure that will save a life, and the principle of damage control can be applied to all aspects of the major incident response; (3) chain of survival (Marchant et al., 2008) : survival after severe trauma may depend on a structured chain of care from the management at the scene of trauma to hospital care and rehabilitation; and, (4) three links theory (Jiang et al., 2005) : the three links theory applied in a trauma emergency care system refers to an integrated system with three important components of a trauma emergency care system, viz. pre-hospital trauma services, hospital trauma services, and critical care services. All of these developments could improve the outcomes for patients. However, the progress of MCI response research has been slow. With limited time and resources in an MCI, a quantitative evaluation method to dynamically assess the MCI situation is needed and decision-making for MCI responses should be based on the results of such evaluations. Currently, three such evaluation methods for MCI assessment are available, including medical severity index (MSI) (de Boer et al., 1989) , potential injury creating event (PICE) classification (Koenig et al., 1996) , and disaster severity scale (DSS) (Ferro, 2005) . The introduction of MSI made it possible to immediately assess the medical size of a disaster. The three following parameters are needed to quantify a disaster.
(1) Casualty load (N), the number of casualties in a disaster. (2) The severity of the incident (S). Patients treated at the scene by the simple triage and rapid treatment (START) program are divided into four classes: T1, life-threatening cases demanding immediate attention; T2, non-life-threatening cases requiring hospital treatment; T3, casualties not necessarily requiring hospitalization but rather less demanding single point care; and DOA, the dead and the dead-on-arrival. The severity of the incident is expressed as S=(T1+T2)/T3. (3) The total capacity (TC) of medical services. TC in the medical assistance chain is composed of medical rescue capacity (MRC), medical transport capacity (MTC), and hospital treatment capacity (HTC). Once N, S, and TC of the medical services are quantified, the MSI, calculated as (N×S)/TC, can be defined. An MSI of >1 is indicative of a disaster. An MSI can be applied to evaluate the disaster itself and estimate the medical requirements in the disaster preparedness phase. The proposed methodology is of practical importance for handling disasters. Assessment of PICE nomenclature (PICE stage: 0, I, II, III) is based on the following parameters: (1) status of event: static, dynamic; (2) status of resources: controlled, disruptive, paralytic; (3) degree of effect: local, regional, national, international; (4) projected need for outside aid: little to none, small, moderate, great; (5) status of outside help: inactive, alert, standby, dispatch. In an attempt to classify and assess disasters, a DSS was developed. The assessment of the DSS is based on the following parameters: (1) the effect on the surrounding community; (2) classification of disasters based on origin; (3) impact time; (4) radius of impact sit; (5) the number of casualties requiring medical treatment; (6) average severity of the injuries sustained; and, (7) the medical rescue time: rescue, primary treatment, and transportation. The classification scheme is based on these variables, which are directly related to either the origin or the effect of disasters. By quantifying or weighing these variables and summing the individual scores, a DSS can be constructed, which normally runs from 1 to 13. A limitation of the practical use of this scoring system is that it can only be applied retrospectively. However, the three methods are designed to offer a retrospective evaluation of MCI and thus fail to develop a real-time assessment of an MCI response. Therefore, they cannot be used as a practical guidance for decision-making during an MCI.
Because of the scarcity, non-replicability, and high risk of catastrophes, current researches on the theories and methods for MCI response evaluations are based on catastrophe modeling (Leiba et al., 2009) . Takahashi et al. (2007) proposed an assessment model for MCI responses. In this model, the medical response capacity is divided into MRC, MTC, and HTC, in which the least capacity is the dominant one. At present, many incident decision-making systems have been developed through computer technology, such as an emergency management system (EMS) in the USA, the major emergency management (MEM) brain in the UN, and the disaster response system (DRS) in Japan, etc. Simulation research on MCI responses is on the rise as well. Hirshberg et al. (1999) used simulation technology to analyze hospital emergency resource utilization plans for MCI due to urban terrorist bombings. Based on hospital resource conditions and the assumption that medical care quality is not affected, and with the evaluation of injury severity of the wounded, the simulation could predict the hospital's medical response capacities and its major bottlenecks in handling critical casualties. Hupert et al. (2007) proposed a simulation model of mass casualty trauma care, which involved a series of key indicators. Based on a large number of traumatic death cases, the model can quantitatively study various factors involved in MCI responses and help decision makers to find the best plans for medical emergency incidents in the shortest time period. Lerner et al. (2010) used a simulated MCI to verify the validity of the procedure of SALT (sort, assess, lifesaving interventions, treatment and/or transport) triage. Though advanced simulation technology was used, the structure in this MCI emergency model is too simple, and essential factors under concern are insufficient, especially the underestimated dynamic changes of medical surge and surge capacity. More importantly, the boundary setting in the model, which is within the capacity of medical resources, is not appropriate for studying an MCI such as the 2008 Wenchuan earthquake. In the science of surge, surge and surge capacity may exhibit quantitative changes in a time series. Surge is defined as a significant increase in medical demand in a short period during a disaster, which goes beyond ordinary medical capacity, leading to a need in using reserved resources or starting non-routine medical systems. Surge includes influx of casualties (volume rate), event (type, scale, and duration), and resource demand (consumption and degradation) (Hick et al., 2004) . Surge capacity is the ability of medical care system to expand quickly to meet such medical surges. Surge capacity consists of four components : system (integrity), space (size, quality), staff (number, skill), and supplies (quantity, quality). In the science of surge, the dynamic comparison of surge and surge capacity plays a foundational role for the study of MCI management under two boundary conditions-finite time and limited resources. The science of surge is well beyond the past dimensions for describing MCI management, giving full consideration to a variety of elements involved in disaster responses using the two perspectives-surge and surge capacity. In the aspect of surge capacity, Hick et al. (2008) proposed the CO-S-TR model, and the medical capacity is divided into three subsystems, each consisting of four elements. 'CO' is primarily emergency management, consisting of command, control, communication, and coordination. 'S' is mainly the demand for response, including staff, stuff, space, and special. 'TR' mainly refers to the transport and treatment of the wounded, including tracking, triage, treatment, and transportation. In this model, Hick et al. (2009) proposed a further refined model of surge capacity composed of conventional capacity, contingency capacity, and crisis capacity. This model with a tiered progressive description is more practical in the pre-crisis intervention for MCI response. In the science of surge, an important indicator of MCI response is MSRC. MSRC refers to the ability for surge capacity to meet surge (Hick et al., 2004) . MSRC can be calculated as MSRC=planning× surge capacity/surge (Jenkins et al., 2006; .
The introduction of this formula represented a great progress, but there is an unsolved problem: classical surge theory cannot explain why two similar surge capacities dealing with similar disasters show different endings.
3 Reflection on the MCI response to the Wenchuan earthquake and Hangzhou bus fire, and the development of the science of surge As the largest MCI since the founding of the People's Republic of China, the 2008 Wenchuan earthquake is a comprehensive examination of a disaster response system in this country. Wenchuan County is located in the northwest part of the Sichuan basin. The county has a population of 111 788, and more than 25% of the population are ethnic minorities (Qiang). There are 25 health institutions, and the number of currently available sickbeds is 252, equipped with 304 health technical personnel. After the Wenchuan earthquake, the Chinese government mobilized the whole country, activated the emergency medical rescue system within 2 h, and ordered 10 630 medical workers to the affected areas. At the same time, the Chinese government established an earthquake relief headquarters, and the Chinese Disaster Relief Committee and the Ministry of Civil Affairs initiated a class I natural disaster response. The total number of earthquake rescue participants reached 175 000, including 157 000 soldiers and 18 000 people from a variety of professional rescue teams. In addition, 9670 vehicles and 193 helicopters were put into use (Zhang et al., 2012) . On the whole, the total number of the injured was over 374 000, about 87 000 were rescued, including 70 000 rescued by first aid, 10 000 by the army, and 7439 by professional rescue teams . The Wenchuan earthquake rescue demonstrated that the disaster surge capacity of the nation was huge, but two problems should not be ignored. Firstly, rescue efforts were ineffective in the initial response and the in-hospital mortality due to the earthquake was high. According to the statistics, only 19.3% of the injured in the earthquake were admitted within 24 h into the Wenchuan County hospital located in the epicenter (Zhou et al., 2008) . During the Wenchuan earthquake, 3484 of the 96 000 total casualties cared for in the hospital died (Jiang et al., 2008) . Secondly, the accuracy and timeliness of the casualty information in the affected area were not satisfactory, leading to the inappropriate deployment of rescue forces-'empty nest' (no deployment of rescue forces) in certain disaster areas and 'overflowing' (the deployment of rescue forces exceeding the demand) in others. The 2008 Wenchuan earthquake epicenter was located in Wenchuan County, but the most severely damaged areas were concentrated in fault zones (Zhang et al., 2009) . Although advanced assessment technologies such as satellite remote sensing have been used, lack of a set of useful theories and assessment methods for the whole process of an MCI gave rise to deviations in the spatial and temporal distribution of resources during the initial hours after the MCI when medical needs were not clear. More importantly, the variation in vulnerability of a hazard bearing body in different disaster regions led to the differences in surge and surge capacity among areas attacked by the same disaster. This is illustrated in different severities in various regions affected by the 2008 Wenchuan earthquake (Chen et al., 2012) : (1) concerning surge, the ratio between mortality in severely affected areas (1788/10 0000) and that in mildly affected areas (1.23/10 0000) was 1453.65; (2) concerning the relative surge capacity for managing the surge, the ratio between the ratio of the injured and health personnel in severely affected areas (1/0.07) and that in mildly affected areas (1/100.79) was 1439.85; and, (3) concerning the dimension of vulnerability, the ratio between the percentage of medical institutions collapsed in severely affected areas (67.45%) and that in mildly affected areas (1.10%) was 61.31. These data illustrate the plight of a large surge, with relatively unmatched surge capacity and even worse, huge loss of surge capacity due to vulnerability during the disaster. Unconventional MCIs such as the 2008 Wenchuan earthquake cannot be studied comprehensively when simply based on the analysis of surge and surge capacity. In fact, the vulnerability should be considered in the study of MCI responses as well. Research on vulnerability has already been carried out earlier in the field of formation mechanism in disaster occurrence. Blaikie et al. (1994) proposed the disaster pressure and release model, which constituted an interaction between hazard and vulnerability. The relationship is expressed as a simple equation of D=H+V, where D is for disaster, H for hazard, and V for vulnerability. Kenneth (1997) proposed a catastrophe model involving four elements: hazard, vulnerability and adaptability, dangerous interference conditions, response and adjustment measures. According to these models, vulnerability has been considered as the core element of a hazard bearing body suffered due to a disaster. During an MCI, the pressure is not simply from surge. Due to the vulnerability of a hazard bearing body, the loss of response resources and the degradation of the environment responding to the MCI re-impose a direct impact on surge capacity, whose effect is even harsher than that of the lack of response resources. This is reflected specifically in the 2008 Wenchuan earthquake. Firstly, Wenchuan County has a population of 111 788 and covers an area of 4083 square kilometers. Such a high population density leads to a large proportion of population exposed to the earthquake. More and more young people work in eastern China, and people staying in the county are mainly children and the elderly, which are vulnerable to an earthquake disaster. Students accounted for about 7% of the deaths in the Sichuan Province and people older than 60 years also accounted for a large proportion of the dead. Secondly, Wenchuan County is located in mountainous areas, and mainly depends on the limited number of mountain roads linking the Chengdu Plain. When the earthquake occurred, the strong intensity of the epicenter caused serious casualties and the collapse of most buildings, which together with a lack of on-the-spot rescue made the rescue work very difficult. As a result, medical teams could not reach the earthquake center until 52 h after the Wenchuan earthquake. Thirdly, Wenchuan County is located in the northwestern part of the Sichuan Basin in China. Local economic development is far below the level of cities in eastern China. Standards for the earthquake resistance of buildings are generally poor. As a result, schools were heavily hit and about 10 243 (80%) medical institutions in Sichuan were damaged. In ten badly damaged areas within the disaster zone, the collapse rate of medical buildings was 67.5% (Zhang et al., 2012) . The earthquake even caused the Beichuan County and the Yingxiu Township of Wenchuan County to be razed to the ground. Construction of emergency shelters was rare in most cities, except in Chengdu. Other preparations for large disasters, such as plans to ensure that the communication, transportation, and facilities stayed functional and that materials including food and medicine were in stock, were all insufficient. Before the earthquake, the Wenchuan County People's Hospital was responsible for the main medical and health tasks (200 beds, 173 medical personnel, 11 surgeons, and 6 operating rooms). After the earthquake, the buildings of this hospital were completely destroyed. Medical treatment services could only be provided with a shortage of and even lack of water, electricity, space, equipments, medicine, and food, etc. A large number of casualties were treated in tents. Medical staffs were in a state of exhaustion due to a lack of rest and food for a long time. The hospital had lost the ability as a secondary hospital to treat the wounded (Zhou et al., 2008) . Fourthly, government departments in charge of services such as transport, communication, education, and media underestimated the risk of earthquakes in the region and generally were not well prepared. This earthquake fully exposed the region's poor risk-awareness, inadequate disaster prevention plans, inability to warn disasterrelated government departments, and scarcity of training for escape, self-help, and first-aid (Zhang et al., 2012) . In addition to the above, most people speak different dialects in the county, and more than 25% of the population are ethnic minorities (Qiang), so the communication between the wounded and medical staff was difficult. External response for medical support to the affected areas during the early stage after the earthquake was rapid, but the reliefconstrained environment restricted the disaster response process. This situation is also reflected specifically in the bus fire incident in Hangzhou on July 5, 2014. The bus fire incident resulted in 32 casualties, and 29 of them were received into the hospital, with 15 casualties having severe burns (nearly 50% of the severely injured patients), including three children (http://news. xinhuanet.com/legal/2014-07/07/c_126717614.htm). The wounded mortality was zero in the phase of rescue at the scene and during pre-hospital care. It was attributed to the implementation of broad public participation in the emergency rescue at the scene and during pre-hospital care. This shows that the population in Hangzhou representing a medium-sized city in China, already has a preliminary sense of their relief and primary rescue capabilities. In other words, these people were not at the low level of disaster vulnerability. Thus, vulnerability is known as an important consideration factor of disaster and emergency response as shown in this case. The difference in regional healthcare response capabilities can be observed from different regional vulnerabilities in this same MCI. Hence, in addition to surge, surge capacity and vulnerability play an important role in unconventional MCI response. Therefore, vulnerability is introduced into the measurement of surge response capability, expressed as: surge response capability= planning×surge capacity×vulnerability/surge.
In the study of disasters, different organizations and scholars have different understandings of the concept of vulnerability. In 2004, the International Strategy for Disaster Reduction (ISDR, 2004) provided the following description for the concept of vulnerability: vulnerability is a state under the influence of natural, social, economic, and environmental factors or processes which can increase or decrease the sensitivity of the people in the face of disasters. Vulnerability as defined here is the state of individuals, groups, or communities in terms of their ability to cope with and adapt to any external stress, and the ability to recover. Some studies have shown that vulnerability is mainly affected by four factors.
(1) Demographic characteristics: children, old people, patients, and people with disabilities are more vulnerable to damage. (2) Natural factors: the severity of earthquake disasters is affected by the natural environment; e.g., mortality may be higher, if an earthquake occurred in mountainous areas than in plain areas. (3) Economic factors: in developing countries, it might seem that poverty and vulnerability to environmental hazards go hand in hand. On the one hand, family income level and the economic conditions in the region determine the methods of transportation, emergency supplies, and the quality of buildings. On the other hand, funds contribute to good management during and after disasters. Generally speaking, in poor areas, seismic performance of buildings is poor, especially for schools and hospitals, and in addition, other preparations for severe disasters are insufficient (for example, plans to ensure that communication, transportation, and facilities stay functional and materials including food and medicine are in stock). (4) Social factors: difference in the ability of disaster victims to prevent and prepare pre-disaster, escape during disaster, and recover post-disaster may be due to different social status and different cultural background. For example, illiterate population, due to low education level, often underestimates the seriousness of earthquakes and lacks proper knowledge concerning self-help methods. Such drawbacks indirectly contribute to the massive number of casualties and hinder the process of disaster relief (Nie et al., 2012) . The influence of these four factors on vulnerability can be considered mainly in three aspects. (1) The number of people exposed to disasters: population base, population density, and population growth rate; (2) Sensitivity: this refers to the sensitivity of people to a certain intensity of earthquake shock in a particular natural, economic, and social environment, and the higher the sensitivity, the higher the vulnerability; (3) The ability to respond to disasters: the stronger the ability, the lower the vulnerability. Seismic vulnerability assessment is not only the basis for a long-term planning process, but also provides support for emergency decision-making in earthquake emergencies. Therefore, it is a focus in the current research on vulnerability. There are various proposed indicators and influence patterns to assess the vulnerability, primarily including macroscopic indicators (total population, proportion of the young, proportion of the old, population density, and gross domestic product (GDP) per capita, etc.) and microscopic indicators (sex, degree of education, indicators, means of communication, etc.). The latter is more accurate and more difficult to obtain (You and Zhang, 2013) .
A new research paradigm for MCI management based on surge, surge capacity, and vulnerability, and its applications
The development of a research paradigm for MCI response from two-dimensional consideration of surge and surge capacity to three-dimensional analysis of surge, surge capacity, and vulnerability is extrapolated theoretically based on the science of surge theory and the retrospective analysis of the MCI response in the 2008 Wenchuan earthquake. Two aspects should be considered to achieve this 'paradigm shift' in MCI response research: (1) the dynamic and quantitative relationship between surge capacity and vulnerability, and methods for quantitative identification and characterization of vulnerability of a hazard bearing body should be established to study MCI response; (2) the three-dimension framework of MCI management should be confirmed by more practical applications in MCIs. A key to enhance the MCI surge response capability is to improve the suitability of the MCI response planning (Ashkenazi et al., 2008) . Vulnerability is very difficult to present under an ordinary status, but vulnerability of a hazard bearing body may be measured by system destruction as well as casualties after disaster attacks. According to the actually exposed vulnerability, it is necessary to improve the feasibility of MCI planning by integrating previous MCI response practices, drills, mathematical models, and simulations. There are mainly three forms of MCI response drills, including actual maneuvers, tabletop maneuvers, and field simulation drills. MCI response drills involving vulnerability will be closer to the real situation. Similarly, MCI response simulations will be upgraded with mathematical and computer models, including vulnerability. In summary, the new research paradigm for MCI management based on three-dimensional analysis of surge, surge capacity, and vulnerability breaks through the limitations of the traditional research paradigm and will contribute to the development of a new methodology in disaster research.
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